Low-voltage-activated K þ (g KL ) and hyperpolarization-activated mixed cation conductances (g h ) mediate
Introduction
Acoustic information is carried in the timing as well as the rate of firing of brain stem auditory neurons. The interplay between depolarization-activated, low-voltage-activated K þ conductances (g KL ) mediated by ion channels of the Kv1 family and hyperpolarization-activated conductances (g h ) mediated through HCN channels gives auditory neurons the ability to receive and convey precisely timed electrical signals, as has been demonstrated in spiral ganglion cells (Mo and Davis, 1997; Liu et al., 2014; Mo et al., 2002; Kim and Holt, 2013) , bushy and octopus cells in the VCN (Oertel, 1983; Manis and Marx, 1991; Rusznak et al., 1996; Cao et al., 2007) , neurons in the medial nucleus of the trapezoid body (Brew and Forsythe, 1995; Cuttle et al., 2001) , medial superior olive (Scott et al., 2005; Khurana et al., 2011) , lateral superior olive (Barnes-Davies et al., 2004) , and the ventral nucleus of the lateral lemniscus (Wu, 1999; Berger et al., 2014) . In octopus cells g KL and g h are especially large Oertel, 2000, 2001; Ferragamo and Oertel, 2002; Cao and Oertel, 2011; McGinley et al., 2012) . These conductances have opposite voltage dependence of activation and at rest the currents flow in opposite directions, I KL flowing outward and I h flowing inward, so that perturbations of the resting potential in either direction draw the voltage back toward rest. The presence of g h and g KL enhances the timing of signaling in neurons in three ways. First, the partial activation of both conductances lowers the resting input resistance and speeds the rise and fall of voltage changes. Second, the voltage sensitivity around rest and the rapidity of the activation of g KL enables g KL to shorten and sharpen synaptic potentials. Third, the rapidity of the activation of g KL makes the firing of neurons that have this conductance sensitive to the rate at which they are depolarized, and thus makes them effective coincidence detectors. Since the rate of depolarization depends on the temporal scatter of coincident subthreshold inputs, the sensitivity to the rate of depolarization sharpens the window over which octopus cells detect coincident firing in their auditory nerve inputs (Ferragamo and Oertel, 2002; McGinley and Oertel, 2006; Golding and Oertel, 2012) .
g KL is mediated through tetrameric, voltage-sensitive K þ channels of the Kv1 family; four a subunits associate with four b subunits that modulate functional properties. Kv1.1 a subunits are present on the somatic and dendritic membranes of octopus cells as well as at perinodes of auditory nerve axons and octopus cell axons (Oertel et al., 2008; Rusznak et al., 2008; Robbins and Tempel, 2012) . Immunohistochemical visualization of Kv1.1 (Oertel et al., 2008; Robbins and Tempel, 2012) , Kv1.2 (Rusznak et al., 2008) , Kv1.4 (Fonseca et al., 1998; Lujan et al., 2003) , and Kv1.6 (Rusznak et al., 2008) subunits suggests that these subunits are expressed in octopus cells. The sensitivity of g KL to DTX K, a blocker that is specific for Kv1.1 containing channels (Robertson et al., 1996) , confirms the role of Kv1.1 in g KL (Bal and Oertel, 2001) . To be expressed at the membrane, Kv1.1 subunits require coassembly with other subunits, most often with Kv1.2 and Kv1.4 (Hopkins et al., 1994; Manganas and Trimmer, 2000; Ovsepian et al., 2016) .
The sensitivity of g KL to a-DTX and to tityustoxin, selective for channels containing Kv1.2 subunits (Werkman et al., 1993; Robertson et al., 1996; Owen et al., 1997; Wang et al., 1999a,b; Hopkins, 1998) , functionally confirms the role of Kv1.2 subunits in octopus cells (Bal and Oertel, 2001 ). g h is mediated through tetrameric voltage-sensitive channels that are composed of HCN1-4 a subunits (Ludwig et al., 1998; Robinson and Siegelbaum, 2003) . HCN1, HCN2 and HCN4 are expressed in the VCN (Moosmang et al., 1999; Koch et al., 2004; Notomi and Shigemoto, 2004) and HCN1 and HCN2 have been shown specifically to be expressed in octopus cells (Koch et al., 2004) . Homomeric HCN1 channels have the most rapid kinetics, HCN2 channels are slower, and HCN4 are the slowest; heteromeric channels have intermediate properties (Santoro et al., 1998; Moosmang et al., 1999; Ulens and Tytgat, 2001; Altomare et al., 2003; Whitaker et al., 2007) . ZD7288 blocks g h in many neurons, including in octopus cells (Harris and Constanti, 1995; Khakh and Henderson, 1998; Luthi and McCormick, 1998; Maccaferri and McBain, 1996; Bal and Oertel, 2000) . In spiral ganglion cells g h is formed from HCN1, HCN2, and HCN4 subunits (Kim and Holt, 2013; Liu et al., 2014) . Many other auditory neurons also express g h (Banks et al., 1993; Brew and Forsythe, 1995; Rusznak et al., 1996; Wu, 1999; Cuttle et al., 2001; Dodson et al., 2002; Mo et al., 2002; Svirskis et al., 2004; Cao et al., 2007; Khurana et al., 2011) . The HCN channels that mediate I h are permeable to both Na þ and K þ and have a reversal potential of À40 mV so that I h is inward at the resting potential in octopus and many other types of neurons (Banks et al., 1993; Bal and Oertel, 2000) . HCN1 and Kv1.1 are colocalized in the somatic and dendritic octopus cell membrane (Oertel et al., 2008; Rusznak et al., 2008; Robbins and Tempel, 2012) . In an earlier study we examined mice in which HCN1 was eliminated to alter g h (Cao and Oertel, 2011) . We found that in octopus cells of HCN1 null mutants g KL is concomitantly reduced with g h leading us to conclude that g h governs g KL (Cao and Oertel, 2011) . Here we test the generality of that conclusion by addressing the complementary question, whether removing Kv1.1, a subunit that is present in many g KL channels, alters I KL or I h or both. The present results support the earlier conclusion that g h governs the expression of g KL because we find that g KL in Kv1.1 null mutants at the steady state is unchanged, that the loss of Kv1.1 is compensated by other subunits.
The large size of g h and g KL in octopus cells allows us to resolve and compare the expression of these conductances at the resting potential in different strains of mice. We found that at the resting potential, the magnitude of I h equals the magnitude of the sum of an a-DTX-sensitive and an a-DTX-insensitive, TEA-sensitive I KL in each of five strains of mutant and wild type mice even when resting potentials varied between cells over nearly 10 mV and g h varied over a five-fold range. It has been suggested by many investigators that g h and g KL set the resting potential. That is true in the short term but the present experiments show that in the long term it is the resting potential that regulates the g KL so that I KL balances I h at rest.
Materials and methods
This study was carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Institutional Animal Care and Use Committee of the School of Medicine and Public Health at the University of Wisconsin-Madison (M005303).
Mice
Bruce Tempel kindly sent us mice that lack the Kv1.1 subunit (Smart et al., 1998) . The null mutant was generated by injecting AB-1 embryonic stem cells that contained a Kcna1 targeting vector into C57BL/6J blastocysts. Chimeric mice that expressed the null mutation in the germline were then bred to C3HeB/FeJ mice and have been inbred for more than 15 generations. The absence of Kv1.1 leads to seizures and neuromyotonia and to enhanced excitability at neuromuscular junctions at high temperatures (Smart et al., 1998; Zhou et al., 1998) . The mouse line was maintained by breeding heterozygote mice. Genotyping was based on tail digests with three primers, a wild-type forward, a mutant forward and a common reverse, as outlined on the Tempel website (http://depts. washington.edu/tempelab/Protocols/KCNA1.html). Alkaline digests were used to obtain DNA from tails. DNA was then combined with nucleotides, primers and Flexi-Go Taq DNA polymerase, amplified over 30 PCR cycles, and run on gels. Measurements in homozygous Kv1.1 null mice were compared with measurements in wild type control mice.
Mice that lack the HCN1 subunit were genetically engineered by Nolan et al. (2003) ; the mice used for the present experiments were propagated by inbreeding homozygous mutants from a breeding pair purchased from the Jackson Laboratory (ME) (Cao and Oertel, 2011) . Experiments were performed using HCN1 -/-mice constructed from 129S/SvEv-derived MM13 embryonic stem cells that . The a-DTX-insensitive I KL , about 0.1 nA (Fig. 5) , remained but comprises a small proportion of measured I h over most of the voltage-range. Measurements of I KL were made in the presence of 50 mM ZD7288 to block I h .
Recording pipettes were filled with a solution that consisted of (in mM): 108 potassium gluconate, 9 HEPES, 9 EGTA, 4.5 MgCl 2 , 14 phosphocreatine (tris salt), 4 ATP (Na salt) and 0.3 GTP (tris salt). The pH was adjusted to 7.4 with KOH; the osmolality was 303 mOsm/kg.
Preparation of slices
Coronal slices of the most caudal part of the VCN were made from mice between 16 and 22 days after birth. Slices, 210 mm thick, were cut with a vibrating microtome (Leica VT 1000S). Slices were maintained in a recording chamber (~0.6 ml) that was superfused with normal saline at 5e6 ml/min. The recording chamber was mounted on the stage of a compound microscope (Zeiss Axioskop) and viewed through a 63Â water immersion objective whose image was displayed through a Hamamatsu CCD camera (C2400-77AH) on a video monitor. The temperature was measured between the inflow of the chamber and the tissue with a Thermalert thermometer (Physitemp) through a small thermistor (IT-23, Physitemp, diameter: 0.1 mm). The output of the Thermalert thermometer was fed into a custom-made, feedback-controlled heater that heated the saline in glass tubing (1.5 mm inner, 3 mm outer diameter) just before it reached the chamber to keep the temperature constant at 33 C. An adjustable delay in the controller for the heater prevented temperature oscillations. Recordings were generally made within 2 h after slices were cut.
Electrophysiological recordings
Patch-clamp recordings were made with pipettes of borosilicate glass and had resistances that ranged between 4 and 8 MU.
Recordings were made with an Axopatch 200 A amplifier (Axon Instruments). Records were digitized at 50 kHz and low-pass filtered at 10 kHz. All reported results were from recordings in which~90% of the series resistance could be compensated on-line with 10 ms lag; no corrections were made for errors in voltage that resulted from uncompensated series resistance. Series resistances were between 10 and 14 MU in each of the cell types, of which~90% could be compensated in octopus cells. Recordings in which series resistances were >14 MU, were disregarded. The output was digitized through a Digidata 1320 A interface (Axon Instruments) and fed into a computer. Stimulation and recording was controlled by pClamp 9 software (Axon Instruments). Analyses were performed with Clampfit 9. Input resistances were measured as the slope of plots of voltage responses to small hyperpolarizing current steps. The slope was measured over the region~10 mV from the resting potential. Statistical analyses were made with Origin software (version 7.5); the results are given as means ± standard deviation, with n being the number of cells in which the measurement was made.
All reported voltages were compensated for a À12 mV junction potential.
Results

Influence of g h and g KL on octopus cells
Octopus cells were identified by their electrophysiological characteristics in recordings in current clamp: their low input resistance, the small size of somatic action potentials, and by strong rectification in both the depolarizing and hyperpolarizing directions (Golding et al., 1995; Bal and Oertel, 2000) (Fig. 1A, left  panel) .
One way to demonstrate the presence of g KL is to test the cell's sensitivity to its blockers (Bal and Oertel, 2001 ). a-DTX, at 50 nM, blocks K þ channels that have Kv1.1, Kv1.2 and Kv1.6 subunits (Hopkins et al., 1994; Hopkins, 1998; Harvey, 2001) . In octopus cells it blocks a current that reverses at À77 mV when E K is À85 mV under conditions identical to those used in the present study (Bal and Oertel, 2001 ). The application of 50 nM a DTX broadened action potentials and evoked repetitive firing (Bal and Oertel, 2001; Ferragamo and Oertel, 2002) (Fig. 1A) . The peak of the first action potential increased from 18 mV to 29 mV, showing that g KL affects the electrical coupling of events in the soma and in the axon. Subsequent action potentials were smaller than the first. The larger size of voltage changes in responses to current pulses reflects an increase in input resistance. The application of 50 nM a-DTX also depolarized the resting potential of the octopus cell by 5.72 ± 0.9 mV (n ¼ 3) as reported previously (6.2 ± 2.5 mV, Bal and Oertel, 2001) . Similarly we can demonstrate the role of g h by blocking it. The reversal potential of I h was measured to be À40 mV under conditions identical to those used in the present study . The application of 50 mM ZD7288, a selective blocker of g h in octopus cells (Harris and Constanti, 1995; Khakh and Henderson, 1998; Luthi and McCormick, 1998; Maccaferri and McBain, 1996; Bal and Oertel, 2000) , removed the sag in voltage changes evoked by hyperpolarizing current pulses, increased the size of voltage changes, and slowed the rate of voltage changes in the hyperpolarizing voltage range (Fig. 1B) . Action potentials evoked by depolarizing currents became slightly larger and wider; action potentials evoked by the offset of hyperpolarizing current pulses were attenuated, presumably because the slowing of voltage changes resulted in an increased temporal overlap in the activation of regenerative Na þ currents and repolarizing K þ currents. Blocking g h also hyperpolarized the resting potential by 5 mV.
Resting potentials
The observation that blocking g h or g KL alters the resting potential would suggest that genetic manipulation of g h or g KL might alter the resting potentials. Unexpectedly we found that there is no significant difference in resting potentials between strains. A oneway ANOVA analysis showed that p ¼ 0.26 so that at the 0.05 level there is no significant difference. We compare resting potentials in octopus cells in Fig. 2 (some measurements were from recordings associated with earlier studies Oertel, 2010, 2011) ). Within each strain resting potentials varied between cells between À59 mV and À67 mV.
Measurements of g KL and g h under voltage-clamp
Unlike the application of blockers, which affect octopus cells over seconds and minutes, genetic perturbations affect the function of octopus cells throughout development over a period of weeks. Octopus cells express Kv1.1, a subunit of ion channels that generate g KL , and HCN1, a subunit of ion channels that generate g h (Koch et al., 2004; Oertel et al., 2008; Rusznak et al., 2008; Robbins and Tempel, 2012) . We examined octopus cells in which Kv1.1 was eliminated to alter g KL and their wild type controls (Smart et al., 1998) , and compared them with those in outbred ICR mice and in mice in which HCN1 was eliminated to alter g h Oertel, 2000, 2001; Nolan et al., 2003; Cao and Oertel, 2011) .
To isolate and measure I KL , other voltage-sensitive currents were blocked pharmacologically: I h was blocked by 50 mM ZD7288, the voltage-dependent Na þ current by 1 mM tetrodotoxin (TTX), and the voltage-sensitive calcium current by 0.25 mM CdCl 2 . Also, spontaneous excitatory and inhibitory synaptic inputs were blocked by 40 mM DNQX and 1 mM strychnine. As in ICR octopus cells (Bal and Oertel, 2001) , the current-voltage relationship of the peak current begins to curve upward in mutant strains and their wild type controls at À70 mV as g KL is activated; g KL is, by definition, activated at relatively negative voltages (Fig. 3D) . A highvoltage-activated K þ conductance, g KH , is activated at voltages from about À40 mV so that depolarizing voltage pulses to values more negative than À40 mV activate mainly I KL (Manis and Marx, 1991; Brew and Forsythe, 1995; Rathouz and Trussell, 1998; Bal and Oertel, 2001) . We use the size of those currents to make a rough comparison of the relative magnitudes of I KL across strains (Fig. 3H ). Depolarizing voltage steps from À90 mV to À40 mV evoked peak outward currents that decayed to a steady state level (Fig. 3A, black trace) . In a Kv1.1 null mutant octopus cell, the outward currents rose to only a barely perceptible peak but steady state levels were similar as in wild type controls (Fig. 3A, red trace) . Averaged values from measurements in more cells show that there was a statistically significant difference in the peak levels but not in the steady state levels of I KL between Kv1.1 null mutants and wild type controls (Fig. 3C ). I KL in Kv1.1 null mutants has a similar voltage-sensitivity as the wild type (Fig. 3D ). HCN1 null mutants have outward currents that are smaller but whose inactivation follows a similar time course as wild type controls (Fig. 3B) . The voltage-sensitivity of I KL in HCN1 null mutants is similar as in wild type controls (Fig. 3D) . A parallel series of measurements was made of g h . To separate I h , other voltage-sensitive currents were blocked pharmacologically: I KL was blocked by 50 nM a-DTX, the voltage-dependent Na þ current by 1 mM tetrodotoxin (TTX), and the voltage-sensitive calcium current by 0.25 mM CdCl 2 ; spontaneous excitatory and inhibitory synaptic inputs were blocked by 40 mM DNQX and 1 mM strychnine. In Kv1.1 null mutants, I h was indistinguishable from the wild type (Fig. 3E, G) . In HCN1 null mutants the maximum amplitude and activation rate of g h were reduced relative to wild type In an octopus cell from a Kv1.1 null mutant and from a wild type control, voltage pulses from À90 mV to À40 mV evoked outward currents of roughly equal steady-state magnitudes but the peak current was larger in the wild type cell. B: Similar depolarizing voltage pulses in an HCN1 null mutant evoked a smaller current than in the wild type but the shape of the current was similar. C: Peak outward currents, but not steady state outward currents, were significantly larger in the wild type than in Kv1.1 null octopus cells. D: The voltage activation ranges were similar in Kv1.1 null mutant octopus cells and their wild type controls as in HCN1 null mutants and their wild type controls. In all peak currents were activated at around À70 mV, indicating that in mutants as in the wild type, the outward current is low-voltage-activated, that it is I KL . E: In an octopus cell from a Kv1.1 null mutant mouse and a wild type control, voltage steps from À57 mV to À127 mV evoked first a step and then a gradual increase in I h . The magnitude and shape of I h was similar in the two cells. F: In an HCN1 null mutant mouse, hyperpolarization-activated currents activated by steps from À57 mV to À127 mV were smaller and slower than in the wild type. G: Averaged current-voltage relationship of octopus cells from 3 wild-type and 3 Kv1.1 null mutants reveal no significant differences. H: The magnitudes of currents activated by depolarization from À90 mV to À40 mV-, an estimate of I KL , and those activated by hyperpolarization from À57 mV to À122 mV, an estimate of I h , co-varied between strains of mice (R ¼ 0.95). The measurements in ICR mice, HCN1 null mutants and their wild type controls were reported in a previous publication, Fig. 7 in (Cao and Oertel, 2011) . All recordings were made in the presence of 1 mM TTX, 0.25 mM CdCl 2 , 40 mM DNQX, and1 mM strychnine; 50 mM ZD7288 was added to measure I KL and 50 nM a-DTX was added to measure I h . In this figure and all subsequent figures, traces from Kv1.1 null mutants are shown in red, traces from HCN1 null mutants are shown in blue, and their wild type controls are shown in black. controls ( Fig. 3F) (Cao and Oertel, 2011) . The voltage activation curve of g h was similar in Kv1.1 null mutants as in wild type controls (Fig. 3G) .
The magnitude of g h and g KL varied over a four-fold range even between wild type strains of mice (Fig. 3H) (Table 1 ). The present results extend previous findings that there are significant differences in the magnitudes of peak I h and I KL in different strains of mice and that I h and I KL covary (R ¼ 0.95) (Cao and Oertel, 2011) (Fig. 3H) . Maximal g h and g KL , derived from peak currents, are largest in the outbred albino ICR mice, 419 nS g KL and 116 nS g h , values that are comparable with those measured previously Oertel, 2000, 2001) . Maximal g h and g KL were smaller in HCN1 wild type controls, F2 hybrids of 129S and C57Bl/6 inbred strains, 90 nS g KL and 61 nS g h . They are smallest in Kv1.1 wild type controls, C3HeB/FeJ, 60 nS g KL and 55 nS g h . Altering g h by eliminating HCN1 resulted in a reduction of both g h and g KL by about 40% relative to the wild type controls (Cao and Oertel, 2011 ) whereas eliminating Kv1.1 reduced only the peak g KL (Fig. 3C) .
The sensitivity of I KL in Kv1.1 null mutants to a-DTX differs from that of wild type controls (Fig. 4) . In wild type controls, as in ICR mice (Bal and Oertel, 2001 ), a-DTX blocked 80%e90% of the outward current that was activated at voltages more negative than À50 mV and it blocked most of the transient peak current. In Kv1.1 wild type control mice in the presence of a-DTX, the currentvoltage relationship was linear to about À50 mV (Fig. 4A, right panel, dashed line), indicating that a-DTX blocked most of I KL ; an a-DTX-insensitive component was activated at voltages more positive than À50 mV. In Kv1.1 null mutants, in contrast, an a-DTX-insensitive current was activated at À70 mV, a current that is by definition low-voltage-activated current. We tested the sensitivity of I KL in wild type and Kv1.1 null mutant octopus cells to 100 nM DTX-I, a mamba snake toxin that has similar subunit selectivity as a-DTX (Harvey, 1997; Hopkins, 1998) . It, like a-DTX, reduced the outward current but failed to block I KL completely. These findings indicate that the subunit composition of channels that mediate I KL differs in the Kv1.1 mutants and wild type. Unlike in wild type controls and other wild type strains, a substantial fraction of channels that mediate I KL in Kv1.1 null mutant octopus cells do not contain Kv1.1 or Kv1.2 or Kv1.6 subunits.
Balance of I h and I KL at the resting potential
As g h and g KL are partially activated at rest we compared the relative magnitudes of the a DTX-sensitive and the ZD7288-sensitive currents at the resting potential in five strains of mice,
, and Kv1.1 -/-. To measure the relative magnitudes of those currents in individual octopus cells, the cell was held in voltage-clamp at its resting potential, the voltage at which there was no holding current Cao and Oertel, 2011) . Subsequent application of 50 mM ZD7288 to block I h , left an unbalanced outward current equal to the magnitude of I h . Overall I h at rest ranged over about a 4-fold range, 0.26 nA in an Kv1.1 null mouse to 1.1 nA in an ICR mouse (Table 2) . Further application of 50 nM a-DTX to block I KL in octopus cells blocked an outward current equal in magnitude to between 80 and 90% of the unbalanced outward current in four of the five strains. In the Kv1.1 null mutants, however, a-DTX blocked only about 50% of the outward current (Fig. 5) . The a-DTX-insensitive current was larger not only in its proportion but also in absolute magnitude in Kv1.1 null mutant mice than in any of the other strains examined (Table 2) . A one-way ANOVA to test the hypothesis that the values are similar resulted in p < 0.0001, indicating that the currents are not the same in all five strains.
In the two strains in which the a-DTX-insensitive component of I KL is largest, ICR mice and Kv1.1 null mutant mice, we tested whether this component is sensitive to 10 mM TEA, a blocker of K þ channels that has been demonstrated to block homomeric Kv1.1, Kv1.2, Kv1.3, and Kv1.4 channels but not Kv1.5 channels (Stuhmer et al., 1989; Grissmer et al., 1994) . In all ICR octopus cells (n ¼ 4) and Kv1.1 null cells (n ¼ 4) tested, 10 mM TEA blocked the a-DTXinsensitive component of the outward current (Fig. 6 ). In the other three strains the a-DTX-insensitive component of I KL was too small to test reliably. We conclude that while in most strains the a DTXsensitive component of I KL largely balances I h , a population of a-DTX-insensitive channels that is less common in wild type animals compensates for the absence of Kv1.1-containing channels in Kv1.1 null mutants. A prerequisite to compensating for changes in I KL is the need to detect I KL . Our results suggest that the balance between steady state I h and I KL at rest may be the homeostatic feature that is regulated, that the sum of the a-DTX-sensitive and a-DTX-insensitive components I KL are regulated to balance I h at rest. We reach this conclusion because I h and I KL are balanced in every octopus cell even when the magnitudes of I h and I KL differ over a wide range and when the subunit composition of the ion channels that mediate these currents varies. This observation also indicates that I h is the predominant inward current at rest in octopus cells (Fig. 6 ).
Rate-of-depolarization thresholds vary with peak g KL
In octopus cells of Kv1.1 null mutants, outward currents evoked by depolarizing voltage pulses have reduced peaks but steady state currents are not different from their wild type controls (Fig. 3A) . We therefore explored a function that depends mainly on the transient outward current, the rate-of-depolarization (dV/dt) threshold. The dV/dt threshold is a measure of the ability of neurons to convey the timing of their synaptic inputs with temporal precision (McGinley and Oertel, 2006) .
The dV/dt thresholds are intrinsic properties of octopus cells, independent of the resting potential (McGinley and Oertel, 2006) . Fig. 7 illustrates how the rate-of-depolarization sensitivity was measured in a wild type and a mutant octopus cell. Cells were depolarized with currents that rose as ramps to a steady level (1 nA) with the duration of ramps varying systematically (Fig. 7C ). This family of currents depolarized octopus cells at differing rates. Table 1 Comparison of biophysical properties of octopus cells in different mouse strains.
Max g KL (nS)
Max g h (nS) Rapidly rising depolarizations evoked action potentials whereas slowly rising depolarizations did not ( Fig. 7A and B) . Plots of peak depolarization as a function of the slope of the depolarization are shown at the right. The step in the peak voltage occurs where the rate of depolarization goes from subthreshold to suprathreshold ( Fig. 7A and B dashed lines) . We define the rate-of-depolarization threshold (dV/dt threshold) as the slowest rate of depolarization that generates an action potential. Earlier studies have shown that the rate threshold measured with current protocols in which the maximal current instead of the duration of ramps are varied are similar (Ferragamo and Oertel, 2002; McGinley and Oertel, 2006) . As the rate of depolarization increased, the peaks of action potentials became larger. Fig. 7 shows that the wild type octopus cell required a faster depolarization (4.5 mV/ms) to reach threshold than did the Kv1.1 null mutant cell (2.8 mV/ms). The results of multiple such measurements show that octopus cells in Kv1.1null mutants consistently have significantly lower rate-ofdepolarization thresholds than wild type controls (Fig. 7D) .
Because g KL is reduced in amplitude but not kinetics in HCN1 null mutants relative to controls (Cao and Oertel, 2011) , we also measured rate thresholds in those mice. The rate-of-depolarization threshold was significantly reduced in octopus cells of HCN1 null mutant mice relative to HCN1 wild type controls. There was also a significant difference between wild type controls for Kv1.1 and HCN1 (Fig. 7D) .
Octopus cells fire transiently in responses to depolarizing current pulses because the rapid activation of I KL prevents later action potentials; when depolarizations are too slow, the activation of I KL prevents firing altogether (Ferragamo and Oertel, 2002; McGinley and Oertel, 2006) . We find that there is a strong correlation between estimates of peak I KL at À40 mV and rate thresholds in octopus cells in different strains of mice (R ¼ 0.85) (Fig. 7E) . Octopus cells in HCN1 wild type controls had large I KL peaks and also high dV/dt thresholds while octopus cells in Kv1.1 null mutant mice had a small I KL and the lowest rate thresholds. Octopus cells in ICR mice have yet larger I KL (18.5 nA at À40 mV (Bal and Oertel, 2001) ) and yet faster dV/dt thresholds (10.0 ± 2.5 mV/ms (Ferragamo and Oertel, 2002) ).
The findings that dV/dt thresholds are reduced in the absence of Kv1.1 and HCN1 subunits indicate that these subunits, and the conductances of which they are a part, are important for conveying shows that under control conditions, depolarization to more than À70 mV evoked outward currents but that in the presence of a-DTX, peak current responses were linear to about À55 mV (dashed line). a-DTX thus blocked most I KL , leaving a high-voltage-activated outward current. B: Similar measurements from an octopus cell from a Kv1.1 null mutant mouse show that the total outward current was smaller than that in a wild type control cell. In the presence of a-DTX the averaged current-voltage relationship (n ¼ 5) remains non-linear in the voltage range between À70 and À50 mV showing that a-DTX does not block I KL in Kv1.1 null mutant octopus cells. Fig. 5 . I h at the resting potential is larger than the a-DTX sensitive portion of I KL in all octopus cells tested. Each panel illustrates an experiment in a single octopus cell; panels illustrate experiments from octopus cells from different mouse strains. Each cell was held in voltage-clamp at its resting potential, given at the upper left of each panel, so that under control conditions no holding current was required. When 50 mM ZD7288 was applied, an unbalanced outward holding current was observed whose magnitude reflects the magnitude of the blocked I h . In the continued presence of ZD7288, the application of 50 nM a-DTX reduced the outward holding current but did not bring it to 0 nA. The proportion of the unbalanced, residual current was greater in Kv1.1 null mutants than in the other strains. timing in acoustic information. They predict that Kv1.1 null and HCN1 null mice have deficits in facets of hearing that depend on detecting the fine structure and the onsets of sounds as has been demonstrated (Allen and Ison, 2012; Ison et al., 2016) .
Discussion
In auditory neurons, the importance of interactions between g h and g KL for signaling has long been appreciated (Rothman and Manis, 2003b; Golding and Oertel, 2012) . The relatively sluggish g h helps give auditory neurons a low input resistance that makes voltage changes rapid while the speedy g KL repolarizes not only suprathreshold but also subthreshold synaptic potentials (Oertel, 1983; Manis and Marx, 1991; Brew and Forsythe, 1995; Golding et al., 1995; Rathouz and Trussell, 1998; Dodson et al., 2002; Ferragamo and Oertel, 2002; Barnes-Davies et al., 2004; Rothman and Manis, 2003a; Brew et al., 2003; Kuba et al., 2005; Brew and Forsythe, 2005; Scott et al., 2005; Gittelman and Tempel, 2006; McGinley and Oertel, 2006; Mathews et al., 2010; Karcz et al., 2011; Khurana et al., 2011; Golding and Oertel, 2012) .
I KL and I h are balanced at the resting potential
Studies of g h and g KL are particularly revealing in octopus cells of the VCN because both conductances are expressed at high enough levels that their activation at the resting potential can be measured. A major finding of this study is that I h and I KL are balanced at the resting potential in all wild type and mutant octopus cells examined, even after the subunit composition of the ion channels that mediate those currents is perturbed genetically (Figs. 4 and 5) . The current that was blocked by ZD7288, a blocker of HCN channels, was equal to the sum of an a-DTX-sensitive plus an a-DTXinsensitive but TEA-sensitive current. That balance was observed not only in wild type controls but also in HCN1 null mutants in which both g h and g KL were reduced and in Kv1.1 null mutants where only the peak g KL was reduced. The consistency of this observation across mouse strains suggests that the balance of currents reflects direct regulation.
Homeostatic plasticity
Some of the rules that regulate the excitability of individual neurons in neuronal circuits have been elucidated (Golowasch et al., 1999a (Golowasch et al., , 1999b O'Leary et al., 2013; O'Leary et al., 2014) . As in octopus cells, in many vertebrates and invertebrate neurons pairs or triplets of currents are correlated in amplitude, suggesting that they are coregulated (MacLean et al., 2003; Swensen and Bean, 2005; Vahasoyrinki et al., 2006; Bergquist et al., 2010; Huang et al., 2011; Zhao and Golowasch, 2012; Amendola et al., 2012; Golowasch, 2014) . Coregulation of conductances is mediated through neuromodulators and also by electrical activity (Khorkova and Golowasch, 2007) .
There has also been considerable interest in homeostatic plasticity, in the regulatory mechanisms that keep firing rates within their optimal range as some synapses are strengthened and others are weakened in the face of learning and remembering. Changes in firing rates of neurons that result from long-term potentiation or depression are followed by scaling of the strength of excitatory synapses or to change the number of synapses, to alter the balance of excitation and inhibition (Turrigiano, 1999 (Turrigiano, , 2007 Thiagarajan et al., 2002; Thiagarajan et al., 2005; Wheeler et al., 2008; Shepherd et al., 2006) . Electrical excitability and electrical activity in a circuit depend not only on the strength of synaptic connections but also on the intrinsic electrical properties of the neurons upon which synapses act. These, too, are altered by electrical activity and chronic depolarization (O'Leary et al., 2010) . How might a neuron detect electrical properties in order to regulate them? It has been suggested that intracellular Ca 2þ levels might serve as error signals that generate changes in the mRNA and thus changes in expression levels of ion channels . It is possible that one role of voltage-gated Ca 2þ channels in octopus cells is to monitor and regulate activity levels (Bal and Oertel, 2007) . Because AMPA receptors of octopus cells are Ca 2þ permeable, they would be expected to affect intracellular levels of Ca 2þ as a function of synaptic input (Gardner et al., 1999 (Gardner et al., , 2001 Cao and Oertel, 2010) .
Homeostatic regulation of the resting membrane potential
How resting potentials of neurons are regulated and determined is not well understood and is inherently complicated because so many factors are involved, including electrogenic pumps, voltage- Table 2 Quantification of currents at the resting potential measured as illustrated in Fig. 5 Resting currents in octopus cells from five strains of mice. a) The magnitude of the outward current after 50 mM ZD7288 was applied to an octopus cell whose voltage was held at its resting potential. b) The magnitude of the outward current that remained after the application of 50 nM a-DTX. b/a the ratio of the a-DTX-insensitive current/ZD7288-sensitive current. # Cells: Number of cells from which measurements were made. Fig. 6 . I h , which is sensitive ZD7288, is balanced by the sum of two components of I KL , one being sensitive to 50 nM a-DTX, the other being insensitive to a-DTX but sensitive to 10 mM TEA. A, B: Blocking I h with 50 mM ZD7288 resulted in an outward holding current. That holding current was reduced by 50 nM a-DTX. 10 mM TEA blocked the remaining outward current. The proportion of the current that was insensitive to a-DTX was smaller in the ICR than in the Kv1.1 octopus cell.
independent conductances, and voltage-sensitive conductances. One of the most extensive studies of the resting potentials of thalamocortical neurons concluded that the interplay of seven conductances controls the resting potential (Amarillo et al., 2014) . Claims have been made about conductances, especially of g h , that they are determinants of the resting potential but those claims are usually based on short-term changes in the resting potential after conductances are acutely blocked (Pape, 1996) . Our results indicate that blocking g h or g KL acutely in octopus cells results in roughly a 5 mV change in the resting potential (Fig. 1) . It is revealing that the genetic deletion of subunits of the ion channels that mediate these conductances nevertheless does not cause measurable changes of the average resting potentials of octopus cells (Fig. 2) . These findings suggest that resting potentials are under homeostatic control and that acute changes in resting currents evoke slower compensatory changes. In principal cells of the medial nucleus of the trapezoid body, as in octopus cells, the deletion of Kv1.1 does not significantly alter the resting potential (Brew et al., 2003 (Brew et al., , 2007 . In neurons known to be depolarized by blocking the M-current, the deletion of KCNQ2 leaves the resting potentials of cortical neurons no different than in the wild type controls (Adams and Brown, 1982; Halliwell and Adams, 1982; Soh et al., 2014) . On the other hand, unlike in octopus cells, spiral ganglion cells and hippocampal neurons in HCN1 null mice were hyperpolarized relative to wild type controls by similar amounts as by the application of ZD7288 (Huang et al., 2009; Kim and Holt, 2013) . The mechanisms that regulate resting potentials thus differ between groups of neurons.
Compensation
Our results show that deletion of Kv1.1 results in the substitution of a-DTX-insensitive voltage-gated K þ channels with slower kinetics for some of the a-DTX-sensitive K þ channels. At the concentrations used, 50 nM a-DTX, this toxin blocks tetrameric Kv1 channels that contain Kv1.1, Kv1.2, and Kv1.6 (Hopkins et al., 1994; Hopkins, 1998; Harvey, 2001; Ovsepian et al., 2016) . The sensitivity to a-DTX indicates that in wild type octopus cells 90% of g KL is mediated through tetrameric channels that contain Kv1.1 and Kv1.2 and/or Kv1.6 subunits. Kv1.1 homomers are retained in the endoplasmic reticulum and are not expressed at the membrane thus most Kv1 channels in the plasma membrane that contain Kv1.1 subunits are heterotetramers that also contain Kv1.2 or Kv1.4 and possibly Kv1.6 subunits (Manganas and Trimmer, 2000; Rasband and Trimmer, 2001; Ovsepian et al., 2016) . Kv1.1 subunits speed activation and shift the half-maximal activation voltage in the hyperpolarizing direction (Bagchi et al., 2014; Ovsepian et al., 2016) .
What might the subunit composition be of the a-DTX-insensitive, TEA sensitive channels? They are unlikely to contain Kv1.3 because these subunits are expressed as heterotetramers with Kv1.2 and Kv1.6 subunits that would be expected to be sensitive to a-DTX (Ovsepian et al., 2016) . One possibility is that those currents are generated from Kv1.4 homotetramers. There is some evidence that Kv1.4 subunits are expressed in octopus cells (Fonseca et al., 1998; Lujan et al., 2003) . Homomeric channels would be expected to be insensitive to a-DTX, sensitive to TEA, and they are activated at low voltages (Stuhmer et al., 1989) . Kv1.4 homotetrameric channels are reported to inactivate while in octopus cells of Kv1.1 null mutants, K þ currents showed relatively little inactivation (Stuhmer et al., 1989; Ovsepian et al., 2016) . However, inactivation was illustrated in those studies in expression systems and with responses to much larger depolarizations. Furthermore, expression systems are exempt from some forms of regulation and lacking some associated interacting proteins and so do not necessarily recapitulate the characteristics of native channels. Levels of expression of Kv1 channels at the cell surface depend on how their trafficking from the Golgi apparatus to the plasma membrane is regulated. Trafficking to the axonal and terminal membranes of hippocampal neurons has been shown to be strongly influenced by Kv1.1 subunits (Manganas and Trimmer, 2000; Ovsepian et al., 2016) . Heteromeric channels containing Kv1.1 or Kv1.4 were delivered to axonal membranes only with the inclusion of Kv1.2 (Jenkins et al., 2011) . The b subunits also affect the function and trafficking of Kv1 channels (Manganas and Trimmer, 2000) ; KCNE4, for example, reduces currents through Kv1.1 and Kv1.3 a subunits (Grunnet et al., 2003) . Glycosylation also affects the stability and trafficking Kv1 channels; all subunits except Kv1.6 have one or two glycosylation sites. The channels are assembled in the Golgi apparatus where they are glycosylated at asparagine residues with N-glycans and further processed. When the glycosylation sites were removed, surface expression of Kv1.2, Kv1.3 and Kv1.4 decreased but expression of Kv1.1 was unaffected (Watanabe et al., 2015 (Watanabe et al., , 2007 (Watanabe et al., , 2004 Thayer et al., 2016) . In hippocampal pyramidal cells, DTX-sensitive currents mediated by channels that contain Kv1.2 are also regulated by electrical activity through Ca 2þ entry (Hyun et al., 2013) . It has also been reported that cerebellar basket cells of heterozygotes that carry a mutation in Kv1.1, Kcna1 V408A/þ , have normal somatic action potentials but broadened action potentials at terminals that resulted in an increased release of GABA that was not compensated (Begum et al., 2016) . In contrast to compensation for the loss of Kv1.1 subunits that involves substitution of channels with a differing subunit composition, compensation for the loss of HCN1 subunits was by the reduction of the expression of g KL without a change in sensitivity to ZD7288. Presumably g h in HCN1 null mutant octopus cells is formed from HCN2 and HCN4 subunits, subunits known to be expressed in auditory neurons Koch et al., 2004; Kim and Holt, 2013) .
Expression of g h and g KL is linked by the resting potential
Two lines of evidence suggest that the regulation of g h and g KL is linked in octopus cells. First, the magnitudes of g h and g KL in different strains and different neurons in the VCN covary (Fig. 3H ) (Cao and Oertel, 2011) . The maximal conductances vary widely not only in the mutants but also among wild type strains and there is a positive relationship between maximal amplitudes of g h and g KL not only in octopus cells of multiple strains of mice but also between cell types (Cao and Oertel, 2011) . Second, I h and I KL are balanced at the resting potential not only in the wild type but also in mutant mice. When I h is reduced in HCN1 null mice, I KL is correspondingly reduced so that I h and I KL remain roughly balanced (Cao and Oertel, 2011) . The present experiments indicate that I h and I KL are balanced even when the ion channels are not uniform as revealed by differing pharmacological sensitivity of I KL . Our finding that the balance of I h and I KL is precise at rest over an almost tenfold range of g KL and a four-fold range of g h , when the subunit composition of the mediating ion channels varies, and when the genetic background varies suggests that the coregulation of g h and g KL may be through their activation at rest.
The present findings support our earlier conclusion that g h somehow regulates g KL . The conclusion was initially based on the finding that a reduction in g h by the removal of one of the subunits of the channels led to a concomitant reduction in g KL (Cao and Oertel, 2011) . Removal of a prominent subunit of the channels that mediate g KL is a test of that conclusion. A priori, one might predict that the removal of Kv1.1 might lead to a decrease in g KL just as removal of HCN1 resulted in a decrease in g h but if g h governs g KL , g KL would not be expected to decrease. The present results clearly support the latter scenario. The loss of Kv1.1 was compensated. Neurons seem to differ in the mechanisms of coregulation and g h does not always regulate g K . In lobster stomatogastric neurons, for example, altering g K resulted in a change of g h ; overexpression of K þ channels of the Kv4 family led to an enhancement of I h (MacLean et al., 2003 (MacLean et al., , 2005 . We do not know whether this difference reflects a difference between mammals and invertebrates. The extraordinary characteristics of mammalian octopus cells, whose unusually large resting conductances give them temporal precision in signaling, provide us with a rare opportunity to study the regulation of conductances that are too small to be measured at the resting potential in most mammalian neurons.
